Methane emissions from municipal landfills represent 3% of the total United States greenhouse gas emissions that contribute to climate change. These methane emissions can be released to the air or collected and flared. This landfill gas also has the potential to be used to generate electricity. In 1994, the Environmental Protection Agency (EPA) created the Landfill Methane Outreach Program, with the objective of promoting the development of landfill-gasto-energy projects around the country. There are currently 2,300 active landfills in the United States. Although there are already 382 operational projects, there are many more landfills with the potential to use the gas. EPA has identified at least 630 candidate landfills for energy projects, and many more have still not been identified. The objective of this paper is to evaluate total private and social benefits of landfill-gas-to-energy projects, taking into consideration not only the costs of installing and maintaining the necessary equipment and the revenues obtained from selling the electricity but also a valuation of the greenhouse gas emissions that would be prevented and the emissions of criteria pollutants created by the electricity generating equipment. It also evaluates the breakeven government subsidies that would be required to make such projects economically viable from private and social perspectives in comparison to current subsidies. It was found that the private breakeven price of electricity for these projects is lower than $0.04/kWh. Moreover, the optimum social subsidy was found to be less than $0.0085/ kWh, which is about 40% lower than the currently available federal tax break of $0.015/kWh. The method developed for this paper can be applied to other renewable energy technologies, to show their relative social costs and benefits.
Introduction
Over the past decade, climate change has become one of the most important and controversial scientific and political issues in the international community. As the adverse effects of climate change become more widely accepted, the importance of reducing greenhouse gas emissions that cause this change will increase. The United States currently produces more than 20% of the world's greenhouse emissions, making it the largest emitter in the world (1). In 2002, the United States emitted about 7644 million tons of CO2 equivalents, of which 659 million were methane (CH4) emissions. Landfills contributed approximately 32% of these methane emissions, or 3% of the total greenhouse gas emissions of the country (2) . Under the requirements of the Kyoto Protocol (which the United States has not ratified), the U.S would commit to a 7% reduction below 1990 levels of greenhouse gas emissions in the commitment period between 2008 and 2012. Thus, programs to reduce landfill methane emissions could contribute significantly to the Kyoto targets (the Kyoto Protocol is now on course to be in effect in 2005, without participation from the United States).
In 1996 the Environmental Protection Agency (EPA) established the New Source Performance Standards and Emission Guidelines for Municipal Solid Waste Landfills. Under these standards, large landfills (that is, those with the potential to emit more than 50 Mg/year of nonmethane volatile organic compounds) have to collect and combust the landfill gas. Traditionally these landfills have flared the gas to comply with the standards. A flare is a device that burns the landfill gas to reduce odors, safety concerns, and methane emissions. An alternative to flaring is using the landfill gas to generate electricity instead of just burning it off. In addition to having the same benefits of flaring, landfill gas-to-energy projects could indirectly reduce air pollution from fossil fuel combustion by offsetting the use of these fuels to generate electricity. In 2002, these fuels (coal, petroleum, and natural gas) accounted for 70% of the electricity generated in the United States (3) .
The objective of this paper is to evaluate total private and social benefits of landfill-gas-to-energy projects. A net present value approach will be used to analyze and compare the economic implications of installing and maintaining the different types of electricity-generating equipment. Environmental valuations of emissions will be performed in order to obtain relative environmental costs and benefits that can be included in this economic analysis to show the social value of the project.
Background on Landfill-Gas-to-Energy Projects
Landfill gas is generated through the anaerobic decomposition of organic waste present in municipal solid waste. Landfill design and operation contributes to the decomposition process. Generation starts shortly after a landfill begins receiving waste and can last for up to 30 years after the landfill closes. The average composition of this landfill gas is about 50% methane (CH4), 45% carbon dioxide (CO2), and 5% nitrogen (N2) and other gases (4) . There are also trace amounts of nonmethane organic compounds (NMOC).
In 1994 the EPA created the Landfill Methane Outreach Program (LMOP) with the goal of reducing landfill greenhouse gas emissions by promoting the development of landfillgas-to-energy projects. In these projects the landfill gas is used as a direct fuel in industrial processes or as the fuel that runs electricity-generating equipment. Since the 1996 enactment of the New Source Performance Standard and Emission Guidelines for Municipal Solid Waste Landfills, the Landfill Methane Outreach Program has become a tool to help landfills meet the new regulations. As a result of all these efforts, methane emissions from landfill have decreased each passing year. In 1995 methane emissions from landfills were estimated to be 216.1 Tg of CO2 equivalents. In 1997 these emissions were 207.5 Tg of CO2 equivalents, and by 2001 they had been reduced to 202.9 Tg of CO2 equivalents. EPA estimated that, between 1995 and 2001, 253 Tg of CO2 equivalents was used in landfill-gas-to-energy projects, while 350.3 Tg of CO2 equivalents was flared (2).
As of 2004 there are approximately 2300 active landfills in the United States. Of these, 382 have operational landfillgas-to-energy projects: 100 for direct-use as medium-BTU fuel for boiler or industrial processes and 282 for electricity generation. The total capacity of the landfill-gas-to energy projects is currently 1089 MW, with the average landfill generating approximately 4 MW. In addition to these operational landfills, there are currently 25 projects under construction with estimated capacity of 36 MW. Moreover, EPA estimates suggest that there are an additional 630 candidate landfills (5) . Candidate landfills are those that are currently operating or closed after 1993 and have more than 1 000 000 tons of waste-in-place. In short, only a small amount of the potential to divert greenhouse gases is being realized. This could be explained by the lower power generation potential landfills have compared to other largescale sources. According to the Department of Energy, in 2002 there were 1556 coal-fired generators, each producing an average of 215 MW, for an approximate total capacity of 338 200 MW (3) . We suggest that the number of operational and candidate landfill-gas-to-energy projects could increase if a complete economic and social analysis was used in the decision process.
Technology Description
As previously mentioned, landfill gas can be used in landfillgas-to-energy projects as fuel to power electricity-generating equipment. This landfill gas is collected by a system of wells and pipes installed throughout the landfill. The costs of a collection system depend on different site factors, such as landfill depth, number of wells required, etc. Table 1 provides average collection system costs for landfills of three different sizes. These costs include flaring costs, since excess gas may be flared even when an energy recovery system is in place.
Reciprocating internal combustion engines (IC engines) are the most widely used technology for generating electricity at landfills. More than two-thirds of the operational landfills where electricity is generated use this type of equipment (5) . IC engines burn landfill gas in the presence of oxygen to run an engine. This engine is connected to a crankshaft that turns a generator and produces electricity. Table 2 shows U.S. EPA information about performance and costs of five different commercially available gas-powered IC engines. These engines have a lifetime between 25 and 50 years when properly managed.
Gas turbines and steam turbines can also be used in landfill-gas-to-energy projects. Gas turbines combust landfill gas to heat compressed air, making it expand to power a turbine, which in turn drives a generator. Like IC engines, gas turbines have a lifetime of over 25 years. Table 3 shows performance and cost information for five different commercially available gas turbines.
In steam turbines, landfill gas is used to heat up water and produce steam that spins the generator. Steam turbines have a lifetime of up to 50 years. Typical characteristics of three different commercially available steam turbines are shown in Table 4 .
Note that the costs given for the steam turbines do not include the costs for the boiler that produces the steam. The capital cost of a boiler is approximately $15 per the required steam flow in pounds per hour (8) . Moreover, it was assumed that the annual operation and maintenance (O&M) cost for these boilers is 4% of the capital cost, which is the industry's standard.
Landfill-Gas-to-Energy Project Design Issues
When a landfill-gas-to-energy project is designed, one of the most important factors to be considered is the amount of gas available to generate the electricity. As previously mentioned, landfill gas starts being generated shortly after the landfill begins accepting waste and it can last for up to 30 years after the landfill closes. The production of landfill gas generated in year T given previous disposal of waste at time x (in millions of cubic feet per year (mmcf/yr)) can be estimated from a basic first-order decay model (9): where 2 is the ratio of landfill gas to methane; k is the rate of methane generation (1/year); Rx is the amount of waste disposed in year x (pounds); L0 is the total methane generation potential of the waste, usually 2.565 cf/lb (6) ; and x is the year of waste input.
The total landfill gas generated (LFGT) in a year by all the waste in the landfill is the sum of LFGT,x across all values of Rx. k depends on the climate of the area where the landfill is located. EPA recommended value for wet climate is 0.225/ yr. For medium moisture and dry climates, EPA recommend values of k are 0.1/yr and 0.06/yr, respectively (6) . Note that this equation is valid for landfills that are currently in operation and have been designed with leachate collection 
(1) and removal. In the future, landfills could be designed and managed to use the leachate in order to increase moisture content of the solid waste and thus increase decomposition rates and methane generation. After the annual gas generation is calculated, the gross power generation potential (GPGP) in a given year (in kilowatts) can be calculated (6): where ηcol is the collection system efficiency, typically 85%; Ec is the energy content of landfill gas, typically 500 BTU/cf; and Hr is the heat rate of equipment, as given in Tables 2-4 .
The net power generation potential (NPGP) is then estimated by subtracting the parasitic loads. This is energy lost by auxiliary equipment and is usually 2% of the gross power generation potential for IC engines and 6% for gas/ steam turbines, so that NPGP is 94-98% of GPGP. The annual electricity generated (in kilowatt hours) is then estimated (6):
where 24 is hours per day, 365 is days per year, and 90% represents the assumed average percentage of the time in a year that the equipment is producing electricity at its rated capacity (net of maintenance, downtime, etc).
Economic Analysis
The U.S. EPA's Landfill Methane Outreach Program developed the Energy Project Landfill Gas Utilization Software (E-PLUS) with the goal of assisting in the analysis of "opportunities for installation of gas recovery systems" in landfills (9) . The software includes estimates of gas production, a simple economic cost-benefit analysis, and estimates of CO2 and SO2 emissions offset from electricity generation from coal. Morgan and Yang (10) performed a cost-benefit analysis case study using E-Plus for three different landfills in St. Louis, MO. Table 5 shows general information about these landfills.
Using the financial assumptions shown in Table 6 and the waste-in-place (WIP) method (described later), Morgan and Yang (10) found that an electricity price around $0.04/ kWh would make these landfill-gas-to-energy projects profitable. Larger landfills would require lower electricity prices to be profitable because they have larger landfill gas generation potential. However, results from Morgan and Yang (10) are only applicable to IC engines, since E-PLUS only analyzes this type of equipment. The analysis does not include economic valuation of environmental benefits or discussion about relevant tax subsidies for these projects.
For the present work, a comparison of the costs and benefits observed at landfill-gas-to-energy projects using the three different types of equipment (IC engines, gas turbines, and steam turbines) is performed. The average net power generation potential during the lifetime of the equipment is divided by the nominal capacity of each system type (as given in Tables 2-4) in order to determine how many engines/ turbines are required and the associated capital costs. The system in each equipment category with the lowest capital costs is chosen for the analysis (O&M costs are not compared because all systems have similar O&M costs and they are all relatively small compared to capital costs). This system setup can be recalculated at the end of life of the equipment in order to manage the then-current average landfill gas flow and power generation potential.
After the system to be used is determined (on the basis of lowest capital costs), total operation and maintenance costs are calculated by multiplying electricity generation in kilowatt hours by the average O&M costs of the chosen system (from Tables 2-4 ). For those years where the landfill gas flow can produce more electricity than the design capacity of the equipment, production at equipment capacity (calculated by replacing the NPGP in eq 3 by the equipment nominal capacity, as given in Tables 2-4 ) is used for cost calculation. This method is also used to calculate the revenues from selling the electricity (at any given price) and the benefits obtained from a tax credit, if available. Other financial factors considered include collection system costs as described in Table 1 (if collection system is already present, capital costs for a collection system were not included, as they are sunk costs) and those listed in Table 6 .
Air Emissions
As previously mentioned, municipal landfills have the potential to emit large quantities of methane and carbon dioxide, as well as some nonmethane organic compounds. Under the 1996 New Performance Standards for Municipal Landfills, large landfills have to control these emissions. Flaring has been traditionally used as the control method. Methane emission control can also be achieved by using electricity-generating equipment. It is important to note that both flaring and electricity-generating equipment create emissions of criteria pollutants such as NOx, CO, SO2, and particulate matter (PM). To perform a more socially relevant analysis, valuation of emissions (greenhouse gases and criteria pollutants) was included for this project. Equations 4-8 were used to calculate these emissions and were developed by use of the AP-42 emission factors for municipal solid waste landfills (4). For any given landfill, the costs of net emissions from a landfill gas-to-energy project were compared to the current net emission costs at the landfill. For a landfill where a collection/flaring system is not present, current emissions are uncontrolled (U) methane and CO2 emissions, calculated by where 0.5 is the assumed percentage of landfill gas that is CO2, 0.112 is the amount of CO2 (pounds per cubic foot of landfill gas), and LFGT is the total amount of landfill gas generated in year T (cubic feet); and where 0.5 is the assumed percentage of landfill gas that is CH4 and 0.041 is the amountof CH4 (pounds per cubic foot of landfill gas).
In landfills where a collection and flaring system is in place, emissions are those from a flaring system. In this case, the uncontrolled methane is converted into emissions of CO2 (combustion efficiency was assumed to be 100%) and criteria pollutants. Equations 6-8 are used to calculate controlled (C) emissions of CO2, CH4, and SO2. Collection efficiency (ηcol) is assumed to be 85%. where 2.75 is the ratio of the molecular weight of CO2 to the molecular weight of CH4, and where 2 is the ratio of the molecular weight of SO2 to the molecular weight of S, and 7.65 × 10 -8 is the amount of reduced sulfur compounds (as sulfur) (pounds per cubic foot, assuming 1 atm pressure at 25°C).
Equations 4-8 are also valid for CH4, CO2, and SO2 emissions from internal combustion engines, gas turbines, and steam turbines, where methane combustion is also assumed to be 100% efficient. Further NOx, CO, and PM emissions factors from the different control technologies (flaring and electricity-generating equipment) can be seen in Table 7 .
To estimate social costs of net pollutant releases, emissions were converted into dollar values. 
Case Studies
As previously mentioned, EPA provides E-PLUS to help evaluate the profitability of potential landfill-gas-to-energy projects. Morgan and Yang (10) used this software to perform an economic analysis of three St. Louis, MO area landfillgas-to-energy projects, as described in previous sections. In their analysis a waste-in-place (WIP) method of calculating landfill gas generation was assumed. This WIP method uses the total amount of waste present in the landfill in the last 30 years to approximate the amount of landfill gas generated each year. The first-order decay method used in our model (and also available in E-PLUS) uses the waste in place at the landfill as well as other factors that affect methane emissions, making it a more accurate approximation. Moreover, the
To compare E-PLUS to the model designed in this paper, the landfill information and financial assumptions used by Morgan and Yang (10) were again input in E-PLUS, but this time the first-order decay model was chosen. Table 9 shows the methane generation numbers obtained by Morgan and Yang (10) using the E-PLUS WIP method, and the numbers obtained for this paper using the first-order decay method (also from E-PLUS). Note that first-order decay consistently gives lower estimates than WIP, ranging from 5% to 20% in the three case studies. This leads to similar reductions in electricity generation. The results of the analysis performed by E-PLUS (using the first-order decay model and an assumed electricity price of $0.045/kWh) for the installation of internal combustion engines (E-PLUS only considers this type of equipment) at the three landfills are also shown. In addition, emission valuation was done by multiplying the CO2 and SO2 emission offsets provided by E-PLUS by the values from Table 8 . Emission offsets are emission prevented from other power plants by producing electricity from the landfill gas. It is important to note that the purely financial results were obtained directly from E-PLUS, but the emission reduction results were obtained from the yearly values of landfill gas generation instead of the average value reported by E-PLUS. Emission offsets were calculated with the offset emission factors provided by E-PLUS: 758 lb/MWh for CO2 and 22.2 lb/MWh for SO2 (9) .
Landfill gas can be produced for up to 30 years after a landfill stops accepting waste. However, to compare E-PLUS with the model developed for the present work, modifications were made in our model so that the project has a total lifetime of 30 years, from 1999 to 2029 regardless of when it closes. Modern landfill was the exception since it closed in 1997, so the analysis was done from 1999 to 2027. The default values for k (0.04/yr) and L0 (2 cf/lb) used by E-PLUS and Morgan and Yang (10) were also retained, even though they differ from the recommended EPA values. Moreover, our model includes an analysis for the three types of equipment instead of only for IC engines. The corporate tax rate, depreciation method, and discount rate presented in Table 6 were used, as well as a price of electricity of $0.045/kWh, which is the default value used by E-PLUS. All the assumptions previously described about equipment costs and electricity generation were also used. Costs related to permitting or other environmental management activities have not been included. Table 10 summarizes the results from our model for the West Lake landfill. The private net present value (NPV) was calculated from the costs of the system and the revenues obtained from selling the electricity. Note that even though 
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only the average generation values were reported in these tables, actual yearly values were used to obtain the results. Tables A2 and A3 in the Supporting Information show the same information for West County and Modern landfills. These tables show slightly different values for average landfill gas generation than what was obtained from E-PLUS (Table 9 ). This difference is mainly caused by rounding differences between E-PLUS and our model, but the results are close enough to validate our model. It is also shown that IC engines and gas turbines have similar economic performance. However, gas turbines have slightly higher private NPVs than IC engines in landfills that generate the largest gas quantities (like West Lake). Even though steam turbines are shown to have positive net present values for all the landfills, the other equipment outperforms them in landfills with larger gas generation. In Modern landfill, which has lower gas generation than the other two landfills, the steam turbine gives similar results to the gas turbine, and both have lower NPV than the IC engine. E-PLUS lacks the ability to perform this comparison between available technologies. Emission valuation, which is not performed by E-PLUS, was also included in our model. As previously mentioned, E-PLUS calculates CO2 and SO2 emission offsets from generating electricity through coal. There currently is no proof that the electricity generated at landfill-gas-to-energy projects (or other renewable energy projects) really offsets generation at other power plants.
Rather, it is just extra electricity added into the grid system. However, as generation capacity in landfill-gas-to-energy projects increases, offsets may actually occur. In our model emission offsets were calculated by using the average emission factors (based on all energy sources) for the region of St. Louis, MO, where the three landfills are located, as given by the EPA's E-GRID program. These numbers are as follows: 1237 lb/MWh for CO 2, 5.2 lb/MWh for SO2, and 2.7 lb/MWh for NOx (13) and again are multiplied by values in Table 8 . 
Discussion of Results
As shown in Tables 10 and 11 above, and Tables A2 and A3 in the Supporting Information, E-PLUS gives a significantly lower net present value to the three landfill-gas-to-energy projects than what is obtained from our model. This difference is caused by higher capital costs and operation and maintenance costs used by E-PLUS. Moreover, E-PLUS calculates lower revenues from electricity sales than our model because its electricity generation numbers are lower. It is not clear how the program calculates these numbers, and investigation into this issue has not yielded an answer. Including emission valuation in the economic analysis shows that the environmental benefits from a landfill-gasto-energy project can be higher than any costs and revenues from the project. As previously discussed, the price of electricity was assumed to be $0.045/kWh. In reality, the price offered to the landfill for its electricity may be lower. With a lower electricity price, the importance of including emission valuation in the analysis increases, since the private net present value would be lower and would seem to make the project less attractive. The private and social breakeven electricity prices for these projects were calculated by varying the price of electricity until the private and social NPVs were each found to be zero. For all types of equipment the private price is between $0.03/kWh and $0.04/kWh [Morgan and Yang (10) had calculated this price to be around $0.04/kWh]. The social breakeven price not including grid emission offsets is approximately $0.05/kWh, $0.04/kWh, and $0.03/kWh for IC engines, gas turbines, and steam turbines, respectively. If grid emission offsets are included, the social breakeven price of electricity for these projects decreases to less than $0.02/kWh.
Any control equipment used in a landfill has much lower net emissions than an uncontrolled landfill (for West County landfill, for example, emission costs for control equipment are between 30% and 45% of the emission costs of an uncontrolled landfill). Steam turbines have the lowest emission costs, followed by gas turbines. IC engines have higher emission costs than flaring the landfill gas. Tables  13-15 show a net social present value of each project, obtained by adding the private net present value (from Table  10 for West Lake), the emission savings compared to flaring (from Table 11 for West Lake), and the net present value of grid emission offsets (from Table 12 for West Lake).
These tables show that IC engines tend to have a higher private net present value than the other types of equipment, which explains why most existing landfill-gas-to-energy projects choose them over the gas and steam turbines. It can be seen, however, that in landfills with higher gas generation (e.g., West Lake) the private NPVs of gas and steam turbines could be higher than those for the IC engines. Moreover, when emission valuation is included in the analysis, gas and steam turbines generally have better NPVs than the IC engines in all landfills. Tables 13-15 also show that, as previously mentioned, the biggest benefits of these projects come from the emission valuation. These social benefits are generally 2-6 times higher than the private benefits, but these dollar values are not "money in the bank" for the companies that manage these projects. Rather, they are benefits to society as a whole. For this reason and to ensure that these social benefits are realized, a government subsidy would be appropriate for this kind of project. This socially optimal subsidy can be calculated by dividing the NPV of emission valuation (emission savings compared to flaring and emission offsets) by the electricity generated during the operating life of the project (average generation in kilowatt hours per year times 30 years, or 28 for Modern landfill). This socially optimal subsidy is found to be between $0.0045/kWh and $0.0085/ kWh. If the emission offsets are not included, the socially optimal subsidy would be less than $0.002/kWh. Another method to calculate the optimal subsidy would be to subtract the private net benefit from the emission valuation NPV and divide by the electricity generated during the operating life of the project. This method would be more adequate in cases where the private costs are larger than the private benefits. By this method, the optimum subsidy would be less than $0.007/kWh when emission offsets are included, and no subsidy would be required if emission offsets are not included.
There currently exist two federal financial incentives to renewable energy projects for which landfill-gas-to-energyproject may qualify: a $0.015/kWh production tax credit, or a $0.015/kWh renewable energy production incentive (REPI). These incentives clearly surpass the socially optimal subsidy for landfill-gas-to-energy projects, suggesting that they provide far more incentive than needed from society's perspective. This subsidy money could instead be used to promote other technologies with lower economic advantages than landfill-gas-to-energy projects, for example, wind farms.
It is important to note that for the analysis presented above, emission offsets were classified as social benefits. This may not be the case for landfills operating in areas that are in nonattainment of National Ambient Air Quality Standards, where the emission offsets may become real income to landfill operators, and thus they become part of the private net present value. This change in classification of emission offsets would not change the total NPV of these projects but would reduce the private breakeven price of electricity and the optimum subsidies.
Market Barriers to Landfill-Gas-to-Energy Projects
In order for these landfill-gas-to energy projects to sell their electricity, a connection to the grid system would be required. PJM interconnection has recently grown to coordinate wholesale electricity movements in 13 states: Delaware, the District of Columbia, Illinois, Indiana, Kentucky, Maryland, Michigan, New Jersey, Ohio, Pennsylvania, Tennessee, Virginia, and West Virginia.
PJM makes available on the Internet records for all interconnection requests submitted to them since 1999 (14) . These records provided an estimate of the costs landfillgas-to-energy and other similar projects must incur in order to obtain a grid connection. Connection costs include the direct cost of connection and/or network upgrades. Direct cost of connection refers to the costs of constructing or installing the required infrastructure to perform the connection. Network upgrades refer to any modifications that must be performed so that the existing local grid infrastructure can handle the new load that will result from the connection. A search of the mentioned records gave us cost estimates for 21 projects with generation capacity less than 20 MW (i.e., the typical capacity range for renewable projects and distributed generation). Nine of these projects used methane, six used wind, and another six used natural gas. Only two of these projects incurred network upgrade costs; all others were only liable for direct costs of interconnection. The average cost per megawatt capacity for these projects is $77 560. Figure 1 shows the frequency histogram of the cost per megawatt for these projects.
Such costs could significantly affect the private net present value of landfill-gas-to-energy projects, increasing the private breakeven price of electricity and changing the optimum subsidy required. In short, these interconnection costs could wipe out private NPVs for smaller landfills, reinforcing the need to consider social NPVs for these projects. It is important to note that the costs found could vary in other regions of the country that do not fall under the management of PJM. Different costs could have different effects on landfill-gasto-energy projects.
In addition to interconnection costs, interconnection rules, buy-back rates, access to capital, and absence of markets for key pollutants represent barriers to the development of landfill-gas-to-energy projects. Due to scope and time limitations, these barriers were not studied in detail for this paper but are worth mentioning.
Sensitivity Analysis
As previously discussed, a discount rate of 12% was used for the analysis of the landfill-gas-to-energy projects. To verify how sensitive the results presented above are to this discount rate, the internal rate of return was found. The private internal rate of return (IRR) for these projects varies between 15% and 24%, while the total social IRR varies between 35% and 55%.
Straight-line depreciation was used in the analysis in order to be able to perform the comparison between the results (10) . In reality, companies may choose to use double declining balance in order to obtain the tax benefits during the earlier years. Table 16 shows the private NPVs of the project with this depreciation method. Note that the private NPVs increase between 5% and 20% compared to use of straight-line depreciation. Even though the AP-42 emission factors are considered to be representative of emissions at landfill-gas-to-energy projects, these numbers can vary according to the specific combustion characteristics observed at each project. For this reason, obtaining a range of potential emissions could be more representative of reality. Moreover, using a different set of emission factors can give us some insight into where the sensitivity of the model lies. For this purpose, the emission factors for criteria pollutants at Municipal Solid Waste Landfills given by the Michigan Department of Environmental Quality were used (15) . The emission factors for flaring the gas are the same in the AP-42 as in the Michigan DEQ documents. Emission factors for steam turbines could not be found in these last documents. Table 17 gives the Michigan emission factors for IC engines and gas turbines that use landfill gas.
The AP-42 emission factors assume that low NO x burners are used in landfill-gas-to-energy projects. This assumption was not used in the Michigan DEQ emission factors. Since the low NOx technology exists and is widely available, it was assumed that it will be used in the projects and replace the NOx emission factors given in Table 17 by the AP-42 ones given in Table 7 . The potential emissions and emission valuation for the previously described projects, calculated with these new emission factors, can be seen in Tables A10-A15 in the Supporting Information. For IC engines the AP-42 SO 2 and CO emissions are lower than the Michigan DEQ emissions, but the AP-42 PM emissions are higher than the Michigan DEQ Emissions. For gas turbines the AP-42 SO2 and PM emissions are lower than the Michigan DEQ emissions, while the CO emissions for both emission factors are basically the same. In terms of emission savings, both technologies have lower emission savings with the Michigan DEQ emission factors than the AP-42. This however, does not seem to significantly affect the total financial results when emission offsets are included. As when the AP-42 emission factors were used, the social total net present value is approximately double the private net present value. Moreover, gas turbines still do better than IC engines. The optimum subsidy for these projects, obtained by dividing emission costs by total electricity produced, varies between $0.0045/ kWh and $0.0078/kWh. If the subsidy is calculated by subtracting the private NPV from the emission valuation NPV, then the subsidy would be less than $0.006/kWh. If emission offsets were not included (in either method), then no subsidy would be required, which again sets up the argument that subsidies for these projects are not really necessary. Instead, government efforts should promote the development of landfill-gas-to-energy projects by providing incentives during the early phases of the project (i.e., construction). Examples of this type of incentives are low-interest loans. These loans not only would provide the financial resources for landfill management companies to build the projects but also would be a safe investment by the government.
In the summer of 2004, the EPA and the Department of Energy established the Methane to Markets Partnership. The goal of this international partnership is to reduce methane emissions and promote economic growth and energy security (in developed and developing countries) by using methane from landfills, natural gas/oil systems, and underground coal mines. Through this partnership, the effort to control greenhouse gas emissions from landfills will proliferate to other countries and complement the efforts of the Landfill Methane Outreach Program. As important as this is, we hope that the effort to develop landfill-gas-to-energy projects will not be concentrated in developing countries while the U.S continues to ignore its potential and maintains its dependence on traditional energy sources, especially when there are at least 630 candidate landfills in the United States, where these privately and socially cost-effective projects could and should be developed. 
